Introduction
The term carbon footprint is commonly used to describe the total amount of carbon dioxide (CO 2 ) and other greenhouse gas emissions in a year caused by an organization, event or product. Carbon footprint analysis is becoming more and more popular in every industry due to increasing concerns on global warming and greenhouse gases emissions. CO 2 is the main contributor factor and other greenhouse gases, such as methane, nitrous oxide etc. are insignificant. To identify and mitigate this hazard, it is critical to precisely estimate carbon footprints for an engineering project in the initial planning stage. Therefore, it is important to follow a structured methodology and to classify all the possible sources of emissions thoroughly. Like other engineering projects, it is required to identify potential benefits of carbon footprint analysis of underground pipelines and to enforce it as a mandatory practice for waste and water industry. The methodology in estimating life cycle carbon footprint and cost could be used as managerial decision support tool for management of any underground pipeline networks (McDonald and Zhao 2001; Tee and Li, 2011; Khan et al, 2013; Tee et al, 2014a) .
A major portion of the underground water and wastewater infrastructure in Europe is rapidly approaching the end of its useful service life and therefore, large scale construction works will need to be undertaken for rehabilitating or renewing these vital infrastructure assets. In the past, various researchers and organizations recognized the importance and the applicability of probabilistic approach in the reliability estimation of buried pipeline systems (Alani et al, 2014; Chughtai and Zayed, 2008; Sivakumar Babu and Srivastava, 2010; Piratla et al, 2012; Tee and Khan, 2012; 2014; Tee et al, 2013; 2014b; 2015) . On the other hand, to mitigate CO 2 emissions, huge investment will also be needed for the future world. is approximately $274 billion (EPA, 2002) . Many countries including UK, are trying to minimise energy consumption and reduce emissions in order to moving toward sustainable development. Therefore, it is essential to monitor the environmental impacts on all underground pipeline infrastructure projects and minimise them whenever possible.
Normally, underground infrastructures are installed using either open cut (cut and cover) or trenchless (cured in place pipe, pipe jacking, pipe bursting, etc.). Open cut construction requires a trench to be excavated to the required depth and width along the entire length of pipeline. On the other hand, trenchless construction methods typically require only minimal excavation (entrance and/or exit pits) or no excavation. According to Adedapo (2012) , deflections in trenchless pipes are approximately one-quarter smaller than those induced during open cut-and-cover installation. Moreover, it is possible to defuse environmental and other constraints at an early stage by applying trenchless installation method. Furthermore, the cost for trenchless technique is below the cost for open trench method. However, open cut may appear economical in terms of direct cost but it has high social and environmental costs, such as carbon and greenhouse gas emissions when the construction work is executed in densely populated urban areas (Rehan and Knight, 2007) . in the life cycle of wastewater pipelines to greenhouse gas emissions. These studies also concluded that energy (i.e., fuel) was an important factor in LCA in the total environmental impacts associated with the plants, where the sewer pipes were made from reinforced concrete, steel, PVC, cast iron and ductile iron; and water distribution pipes were manufactured from steel and ductile irons. A limitation is that these studies did not consider the installation and transportation phase when estimating CO 2 emissions. Recio et al (2005) also quantified CO 2 life cycle emissions of a pipeline project in Spain through a case study.
However, the installation and break repair phases of the pipeline life cycle were not addressed in the analysis. In integrated pipeline (IPL) project (Chilana, 2011) , carbon footprint analysis was performed to compare steel and prestressed concrete cylinder pipe D r a f t
Page 5 of 27 (PCCP) which is a joint effort between the Tarrant Regional Water District and the City of Dallas. Fuel consumption by construction equipment for installation of pipe in the trench was found to be similar for both steel pipe and PCCP, but PCCP was found to have smaller carbon footprint due to less CO 2 emissions in the environment.
To overcome the above limitations and to fill the research gaps, this paper demonstrates a model for assessing, quantifying and comparing life cycle energy consumption and respective CO 2 emissions as well as predicting the associated cost values for both gravity and pressured pipelines with addressing four phases of pipe's life cycle that are fabrication, transportation, installation and operation. The life cycle CO 2 emissions are quantified and compared among three different pipe materials (steel, DI and PVC) . This study made an effort to access quality data on all the life cycle stages based on 150 miles IPL project (Chilana, 2011) . In this study, it is assumed that the same length, loading, soil type and pipe laying materials are used in installation phase.
CO 2 emission estimation
The life cycle assessment of underground pipeline networks is studied. The CO 2 emissions from all the life cycle phases have been quantified and compared among steel, DI and PVC pipes. The energy consumption and CO 2 emissions from different life cycle phases depend on the properties of pipe material, type of technologies used (during manufacturing the pipe, installing equipment and pumping technologies) and the type of fluid. Four phases are considered in this life cycle assessment, which are production and fabrication, transportation to job site, pipe installation and operation or service phase. The life cycle period of three different pipes is chosen as 50 years for comparative purpose. However, in reality certain type of pipe, such as PVC can last 100 years whereas other types of pipes need to be replaced D r a f t
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2.1 Material production and pipeline fabrication This phase deals with energy consumed during material production and pipeline fabrication (embodied carbon). Embodied energy is the sum of all the energy required to produce any goods or services. The concept can be useful in determining the effectiveness of energyproducing or energy-saving devices to decide whether a product contributes or mitigates global warming. One fundamental purpose for measuring this quantity is to compare the amount of energy produce or save for different product in production and fabrication process.
In recent years, the term 'embodied carbon' of construction materials and products has become synonymous with the term 'carbon footprint'. An embodied carbon or carbon footprint assessment is a subset of most LCA studies. Total energy consumption = Embodied energy/length x total length of pipeline (2) Total CO 2 emissions = Total energy consumption x emissions rate (3) Equations (1) - (3) show that the embodied energy depends on the pipe materials, length and rate of emissions. Therefore, the choice of materials and size of pipe can significantly change the amount of embodied energy of a pipe, as embodied energy content varies enormously between the product size and materials. Generally, the more highly processed material release higher embodied energy. The embodied energy also may vary with location and time.
Moreover, it depends on the material extraction methods, manufacturing methodologies and 
Operation or usage phase of pipeline
The usage phase of a pipeline can be divided into three categories when accounting for the CO 2 emissions. First, for pressured pipes, liquid needs to be pumped to a certain pressure head and flow rate using pumps, typically centrifugal, which involves energy consumption and CO 2 emissions. On the other hand, for gravity sewerage pipes, there is no need any pumping and therefore, energy consumption due to pumping is ignored over the life cycle of pipes. Liquid must be pumped at a pressure greater than a minimum required pressure H s .
Friction losses (H f ) also must be considered all along the length of the pipe. These are calculated using Hazen-Williams equation. All plastic pipes are corrosion-free, whereas metal (steel, cast iron, ductile iron etc.) pipes require corrosion protection. Sharp and Walski (1988) proposed the following roughness growth model as shown in Eqs. (9) and (10) to predict the change in the Hazen-Williams friction coefficient, C due to corrosion with the age of the pipe as follows.
where X is relative roughness of pipe, 0 e is initial wall roughness at the time when pipe is installed, a is roughness height growth rate, T is time in years and D 0 is outside diameter of pipe. Subsequently, the energy requirements can be calculated using Eq. (11).
The Hazen-Williams coefficient relates to the flow of water in a pipe with physical properties of the pipe materials and the pressure drop caused by friction. It is used in the design of water D r a f t
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The Hazen-Williams coefficient is mainly influenced by corrosion on pipe wall. Therefore, the more corrosion prone material shows higher C value and emits more CO 2 in the environment. For example, steel pipe shows higher C value than ductile iron pipe. There is no corrosion in plastic pipe and therefore C value for plastic pipe material is zero.
where Q is flow rate in gallons per minute and H is H s + H f . H s is pumped pressure head and H f is head loss which can be estimated using Eq. (12) as follows.
where L is length of pipe. Eq. (11) can be rewritten as shown in Eq. (13) after adjusting the units as follows
where S.G is specific gravity of fluid and η is pump efficiency.
The energy consumed is obtained by multiplying the power with the number of working hours. The CO 2 emissions are calculated using an emission factor (kgCO 2 /kWh) because most of the centrifugal pumps use electricity to power the engines. The total amount of energy consumed and the CO 2 emissions released is from pumping liquid (mainly water) through the pipeline.
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The second category in the usage phase of a pipe's life cycle is cleaning and inspection works which is not considered in this study due to the insignificance of CO 2 emissions compared to other phases of the service life. The third category is pipe failure or break repair over the life cycle of the pipe. It is unlikely that the pipe needs to be replaced or repaired within the considered working life (50 years). Therefore, the emitted carbons for this category are also considered negligible in this study.
Carbon pricing
The carbon price is based on the social cost of carbon which normally refers to the cost to (2008) suggested that a marginal social cost of carbon could reach over U.S. $400/t of carbon by 2050 which is equivalent to about U.S. $110 or $120/t of CO 2 -e. It should be noted that actual market carbon prices will vary with time. However, the constant carbon price of £10/ton of CO 2 -e has been adopted in this paper to sufficiently illustrate the impact that different carbon prices are likely to have on the trade-offs between cost and CO 2 emissions, as these cover the likely range of expected values.
D r a f t

Implementation of the method
To facilitate the calculations for various scenarios, a spread sheet was developed using the foregoing discussions in Sections 2 and 3. The utility of this model is demonstrated through the use of case studies where CO 2 emissions are quantified and compared for different pipe materials and different phases. The installation of pipelines is completed using heavy machinery that consumes diesel fuel. Davis and Diegel (2007) indicate that commercial diesel fuel equipment generates more CO 2 than non-commercial gasoline vehicles. According to EPA (2005), 10.1 kg of CO 2 is generated for each gallon of diesel fuel consumption.
Pipes with the same length and nominal diameter are considered for comparative study of environmental effects. The pipe properties are shown in Table 2 where the pipes' mean thickness and weight are obtained from the manufacturer's manuals, ASCE (2001). Minimum required pumped pressure head, H s = 49.3 m is considered over 50 years of service life for pressured pipes where operating time is 6 hours per day. All plastic pipes are corrosion-free, so Hazen-Williams friction coefficient, C is zero. The typical C values are 160 and 150 for steel and ductile iron pipes, respectively in this study. The average value of e 0 = 0.114 mm is found for both metal pipes. Subsequently, the growth rate, a is calculated as 0.08 mm/year for the metal pipes. The flow rate, Q for all types of pipes is assumed as 1 m/s and the pumping efficiency, η is 75%.
Results and Discussion
Different pipe materials have different manufacturing processes and thus result in different embodied energy values. This is caused by the difference in densities of the three materials. The embodied energy also may vary with location and time depending on the material D r a f t
Page 13 of 27 extraction methods, manufacturing technologies and the type of energy consumed in all the processes. Table 3 presents CO 2 emissions in manufacturing and fabrication process for different pipe materials used in the study. Different countries released different state level electricity and heat generation emission factors for calculation of carbon footprint. The emission rates for the usage of electricity and heat (due to natural gas combustion) in the UK are 0.52 kgCO 2 /kWh and 0.185 kgCO 2 /kWh, respectively (DEFRA, 2013). These emission rates are used for the prediction of CO 2 emissions due to electricity and heat in the manufacturing and fabrication process as required in Eq. (3).
EPA (2005) method is used to calculate the CO 2 due to transportation of pipe to the site.
According to EPA (2005) , transportation using trucks generally consumes energy in the form of diesel and releases CO 2 emissions. In this process, the distance travelled from the manufacturing plant to the local distributor plus the distance from distributor to the project site is taken as the total distance covered by a truck to deliver the pipe to the project site. The emission calculator has a provision to quantify CO 2 emissions resulting from transportation trucks. The transportation requirements and the travel distances for this study are listed in Table 4 . It is assumed that the weight of each vehicle is approximately equal for all the calculations. The emitted CO 2 due to transportation is predicted using Eq. (8).
Tables 5 -7 present the details of the equipment usage requirements for installing the pipes D r a f t Page 14 of 27 been used to determine the amount of CO 2 generated. The fuel consumption is converted to kg of CO 2 using 10.1 kg of CO 2 for each gallon of diesel fuel used.
The emitted CO 2 from different phases of pipe life cycle for different pipe materials are shown in Figures 1 -4 due to manufacturing and fabrication, transportation, installation and pumping, respectively. Figures 1 -3 present LCA for both gravity and pressured pipeline networks whereas Fig. 4 shows the CO 2 emission due to pumping for pressured pipelines. Figure 3 shows that CO 2 emissions in steel pipes are greater than DI and PVC pipes. This is caused by the difference in densities of the pipes materials. It is observed that in gravity pipeline system, the most dominant phase of the life cycle is pipe manufacturing and fabrication process, resulting in large amounts of CO 2 emissions. On the other hand, besides manufacturing and fabrication, the dominating phase for pressured pipelines also includes operation phase. It is found that the fuel consumption during the transportation is directly proportional to the weight and length of each pipe section as well as the distance between the manufacturing plant and the job site.
Normally, the pump operating time is considered 6 to 8 hours daily throughout the service life of pipe (Piratla et al, 2012) . However, the operating time is varied over the day. The demand for pumping is high from 6AM -9AM, 1PM -2PM and 7PM -9PM which are considered in this study. The emitted CO 2 due to pumping on hourly basis over the service D r a f t
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The CO 2 emissions from different phases of the life cycle have been added. Tables 8 -9 present and compare the total life cycle emissions with different pipe materials (steel, DI and PVC) for gravity and pressured pipelines, respectively. Result indicates that PVC pipes have the least CO 2 emissions compared to steel and DI pipes. However, PVC pipes are not strong enough to support mechanical stresses as those of steel and DI. PVC pipes offer great advantage in environments that PVC is a non-corrosive material. Besides that, unit weight of PVC pipe is significantly lower than steel and DI pipes as shown in Table 2 . Thus, PVC pipe produces lower CO 2 emissions that contribute to global warming. On the other hand, steel and DI iron pipes' primary advantage is their mechanical strength. Steel and ductile iron pipes have higher material strength for handling external dead and live loading and better distribution of thrust or pulling forces around the soil. However, these are corrosive and heavy metal pipes which produce higher CO 2 emissions and contribute to global warming. 
Conclusions
An analysis has been conducted to understand the implication of carbon footprint by quantifying the CO 2 emissions for three flexible underground pipe materials that are steel, ductile iron and PVC. An example is presented to validate the proposed method for both gravity and pressured pipelines. It is observed that in both gravity and pressured pipeline systems, the most dominant phase of the life cycle is pipe manufacturing and fabrication process, resulting in large amounts of CO 2 emissions. Analysis shows that PVC pipes have the least CO 2 emissions cost. It is important to quantify CO 2 emissions in order to achieve the predetermined emission reduction targets. Environmental impacts depend upon the system D r a f t 1 PM -2 PM 7 PM -9 PM 6 AM -9 AM
